Background and objective: A review by invitation about advantages and disadvantages of an iron-rich diet by analyzing physiological iron requirements, dietary factors influencing iron absorption and the regulatory systems available to control iron absorption according to needs. Results: The control to prevent iron deficiency is good but not perfect, as observed in previously described studies on relationships between individual iron requirements and the probability of iron deficiency developing in relation to diet. The control to prevent iron overload seems to be perfect except in the few subjects being homozygotes for hereditary hemochromatosis. Conclusions: A diet rich in easily available iron is important for covering basal iron losses, menstrual iron losses and the high iron requirements for growth from infancy to adolescence and for pregnancy.
Introduction
I have been asked to comment upon the question: What are the advantages and disadvantages of an iron rich diet? To do that, such questions have to be addressed as how much iron is required to be absorbed to cover physiological needs at different ages in different genders, which dietary factors influence the absorption of iron and how effective are the systems in the body for the regulation of the absorption of iron. Moreover, health effects of iron overload and iron deficiency need to be considered, not the least the risks of the present trend in Europe towards vegetarian diets due to BSE and other food scares.
Physiological iron requirements
Iron requirements and their variation at different ages are well known and consist of basal iron losses of iron from the interior and exterior surfaces of the body, menstrual iron losses and iron needed for growth, including pregnancy.
Recent studies on iron losses from sweat has shown that these losses can be disregarded (Brune et al, 1986 ) A more comprehensive review has recently been published, (Hallberg, 2001 ).
It should be emphasized that the physiological iron requirements in menstruating women are very constant in the individual woman but vary considerably between different women due to the marked variation in menstrual losses in healthy women (Hallberg et al, 1968) , in turn due to variations in content of fibrinolytic activators in the uterine mucosa (Rybo, 1966) . The amount of the losses are strongly genetically controlled and found to be the same in geographically widely different populations (Rybo & Hallberg, 1966) . It has therefore been concluded that iron requirements in women have been the same for a very long time, probably several thousands of years and that differences in prevalences of iron deficiency in different population groups are mainly related to differences in dietary bioavailability, differences in parity, birth spacing and degree of parasitic infestation, mainly hookworm (Hallberg, 2001) .
Another important point, illustrating the wisdom of Nature, is the negligible dietary iron requirements during the first 4 -6 months of life in term infants. This can be explained by the fact that fetal hemoglobin (Hb) has a stronger affinity to oxygen than adult Hb, which facilitates the transfer of oxygen to the fetus at the placental interface. However, a direct consequence is that more fetal Hb is required to deliver a certain amount of oxygen to fetal tissues. The fetus thus needs a higher Hb level. At birth, the infant starts to produce adult Hb and a lower concentration of Hb is then needed. There will then be an excess of iron in the body which will serve as a considerable buffer of available iron, covering the iron requirements of the infant for the first 4 -6 months. The advantage of this is that breastmilk, which contains very little iron and also lactoferrin, which is a strong binder of iron, will ensure an almost iron-free environment in the gastrointestinal tract, thus preventing bacterial growth during this period. When these special iron stores are exhausted after 4 -6 months, iron requirements rapidly increase amounting to about 100 mg=kg=day.
The dietary requirements in the period up to about 24 months are then difficult to cover using traditional weaning foods. The WHO and other international organizations have therefore recommended that animal proteins must be included in the diet during this age period, a recommendation that has been difficult to follow. A possible measure applied in earlier generations might have been that mothers supplied the infants with prechewed meat, just as is common among many animals.
The iron balance in this age period is very important for the supply of iron, for example, to the rapidly growing brain, since an inadequate supply of iron during this time period may give lasting negative consequences which cannot be recovered by iron therapy at a later time (Dallman & Spirito, 1977; Roncagliol, et al, 1998; Lozoff et al, 2000) . Iron must be built into different structures in the brain in sufficient amounts at the right time (Dallman & Spirito, 1977; Dallman et al, 1975) .
Dietary iron absorption
The amount of iron absorbed from the diet depends on the iron status of a subject and the composition of the diet. There are two different kinds of iron in the diet with respect to mechanisms of absorption: heme iron in meat which may constitute at most about 15% of the total iron intake and non-heme iron, the remaining part of the dietary iron in, for example, cereals, fruit, vegetables and pulses.
Several dietary factors influencing iron absorption have been identified and discussed in the literature. There was a marked increase in knowledge about dietary iron absorption when it became possible to label iron in single foods, single meals and whole diets using extrinsic radioiron labels (Hallberg, 1981 (Hallberg, , 2001 Hallberg & Björn-Rasmussen, 1972; . The presently known factors are outlined in Table 1 . It has been possible to develop algorithms to predict iron absorption from meals and diets also considering the interaction between different foods. The most recent algorithm includes the effect on iron absorption of eight different dietary factors .
Control of iron absorption
It is well known that less iron is absorbed by iron-replete subjects than by those who are iron deficient. The less iron present in the iron stores, the more iron is absorbed. This relationship has been studied by several groups (Bezwoda et al, 1979; Cook et al, 1974; Taylor et al, 1988; Skikne et al, 1990) . Thus the higher the iron requirement, the more iron absorbed. There is a limit, however, as to how much iron that can be absorbed. This was illustrated in a recent study on a random sample of 203 women, all aged 38 y . Individual iron requirements were known from body weights and measurements of menstrual iron losses. With increasing iron requirements, iron stores decreased as was evident from the successively decreasing serum ferritin (SF) concentrations and decreasing transferrin saturation. At the same time, iron absorption successively increased. At a certain point on the iron requirement scale, however, Hb suddenly started to drop, transferrin concentration increased and stainable iron in bone marrow smears began to disappear. All these changes thus indicated a development of iron deficiency. These results show that the body tries to maintain iron repletion by a successive increase in dietary iron absorption. A point will be reached, however, where the increase of iron absorption can no longer balance the higher iron losses and maintain iron repletion. The position of this point of course depends on the properties of the diet, ie how much absorbable iron the diet can provide. The control of iron absorption thus has an upper limit determined by the iron requirements and the properties of the diet.
How good is the control of iron absorption in the other direction, to prevent iron overload when dietary iron intake and=or dietary iron bioavailability are high? Several studies in humans have shown a straight line relationship between log iron absorption from so-called reference doses of inorganic iron (3 mg Fe 2þ ) and log SF (Bezwoda et al, 1979; Cook 1974; Taylor et al, 1988; Skikne et al, 1990) . Similar relationships between log iron absorption from whole diets and log SF have been observed (Gleerup et al, 1995; Hallberg, et al, 1997; Hulthén et al, 1995) and have provided a possible new interpretation of the relationship between log SF and log total daily dietary iron absorption. Moreover, a re-evaluation and recalculation of the relationship between log SF and iron stores has made it possible to validly estimate iron stores from log SF (Hallberg et al, 1998) . It should be emphasized, however, that there are confounding factors influencing SF. The main reason is that SF is a sensitive acute-phase reactant and subjects who currently have or who have had a recent, even mild, infection usually have an increased SF that may remain for a considerable time . Intake of alcohol, even in moderate amounts, is associated with elevated SF (Milman & Kirchhoff, 1996; Leggett et al, 1990; Strain & Thompson, 1991) . The use of SF as a measure of iron stores must therefore be made with caution, especially in epidemiological studies where a careful medical history usually cannot be obtained in individual subjects. The control of iron absorption is based on the following facts. The more iron that is absorbed from the diet in an indivdual and when absorption exceeds losses of iron, the more iron will accumulate in the iron stores. The more iron that is present in the stores, the less iron will be absorbed. At a certain point the daily amount of iron absorbed will equal the amount of iron lost from the body (iron requirements). When iron absorption equals iron losses no further iron will accumulate in the body. A steady-state is reached. The amount of stored iron at these steady-states can easily be calculated using a conservation exponential equation (see legend of Figure 1 ). By integration of the conservation equation it is also possible to calculate the time needed to reach certain amounts of stored iron. These concepts and methods of calculations have been described (Hallberg et al, 1998 . Figure 1 shows two parallel regression lines representing relationships between daily dietary iron absorption and iron stores for two diets with different bioavailability of their iron. The slopes of the regression lines describing the relationships between log daily iron absorption and iron stores (log SF) -which corresponds to the constant k 2 in the equation given in Figure 1 -are thus the same for all subjects and all diets, irrespective of iron content and bioavailability of the dietary iron. The slope observed may be a fundamental biological property in man and probably also in other animals. The intercepts of the regression lines on the y-axis (the constant k 1 in the equation given in the legend of Figure 1 ) are direct measures of the bioavailability and iron content of the meals graphed.
In Figure 1 two horizontal lines represent two different iron requirements (iron losses). The points of intersection between the absorption regression lines for log absorption vs iron stores and the horizontal iron loss lines correspond to the points where absorption of iron equals losses of iron and where thus maximal iron stores are reached associated with the graphed absorption and losses of iron. The graph is thus solely based on observations of absorption and losses of iron Figure 1 The relationship between log dietary iron absorption, iron stores and iron losses. The regression lines between log absorption and iron stores are parallel and the slope is expressed by the constant k 2 in the equation below and is the same for all diets and all subjects. The intercept of these regression lines on the y-axis ( ¼ absorption of iron at zero iron stores) is expressed by the constant k 1 in the equation below. The two horizontal lines express the losses of iron from the body in two examples. The four points of intersection between the two regression lines and the two loss lines represent the four points of equilibrium when loss equals absorption. The projection of these points on the abscissa equals the maximal iron stores that may be achieved under the conditions graphed. The general equation for the relationships graphed is described as:
zwhere k 1 is absorption at zero iron stores (micrograms of iron per kilogram of body weight per day), M is the amount of stored iron (microgram of iron per kilogram of body weight), and k 2 a constant, mentioned above. For further details see reference Hallberg, et al (1998) . The constant k 2 was found to be 0.00024 in three separate studies.
and contain no assumptions of any kind to make the simple calculations. These calculations thus fit with the observation that iron stores in men reach a maximum value already at about the age of 25 y (Pilch & Senti, 1984) . They explain the observations that SF remained unchanged after 2 y of iron fortification with 7.5 mg iron given daily (Ballot et al, 1989) and that the same was seen when 10 mg of iron as ferrous sulfate was given to an iron replete man for 500 days (Sayers et al, 1994 ).
An important implication of the present findings would be that it is impossible for otherwise healthy subjects to develop an iron overload, disregarding those who have a manifest hereditary hemochromatosis and those who have a thalassemia major. A confounding fact are the observations in the NHANES II studies that a considerable fraction of the adult men above the age of 45 y, for example, have higher SF values than in the age group of males aged 20 -44 y and that this fraction seems to continue to increase with higher age. In adult women this tendency is also noted after the menopause. Part of this change in women may be related to a positive iron balance after the menopause but the reasons for the increase in SF above mean and median SF values in 20 -44-y-old men are not obvious. A probable explanation is the fact mentioned above that SF is a very strong acute phase reactant that may lead to a long-standing increase in SF. There may also be other minor changes associated with age that may contribute to an increase in SF with age. An important conclusion of these observations and considerations is that SF may not be directly and generally translated into iron stores. This was also illustrated in a recent study in a cohort of 1401 surviving elderly subjects from the Framingham Heart Study (aged 67 -96 y). In men 12.9% had SF > 300 mg=l and in women 12.9% had SF > 200 mg=l (Fleming et al, 2001) . Careful analyses of the reasons for the high SF values did not reveal any obvious explanation. An association between alcohol intake and SF was also observed in this material (Fleming et al, 1998) . It was also reported in a previous report from this material, however, that > 15% took iron supplements (Fleming et al, 1998) . Absorption studies of 30 mg doses of iron taken fasting by men and women of different iron status strongly suggest that iron stores have a much lower influence on the absorption from iron supplements than from the dietary iron . Intake of iron supplements may thus be an important confounder in evaluating iron status in relation to dietary iron intake.
It should be mentioned, however, that about the same time as the NHANES II studies were made in the USA (1976 -1980) , showing a prevalence of iron deficiency of 10% using multiple diagnostic criteria (Expert Group, 1985, no. 233) , an autopsy study was made in USA in 259 subjects who died from trauma (Sturgeon & Shoden, 1971) . Iron status was directly examined by chemically determining iron content in the liver. In women aged 20 -50 y, 10 out of 28 women (36%, confidence interval 18 -56%) were iron-deficient. No iron overload was seen. Even if the sample was small, the autopsy findings are still an important support for an interpretation that iron deficiency in the USA is common and that the high SF values observed in NHANES II and among the elderly in the Framingham study are not generally due to any iron overload.
It has been suggested that a SF > 200 mg=l is associated with an increased risk of coronary heart disease (Salonen et al, 1992) and cancer (Stevens et al, 1988) . Other studies have not confirmed such hypotheses (Ascherio et al, 1994; Ascherio & Willett, 1996; Baer et al, 1994; Sempos et al, 1994 Sempos et al, , 2000 . A more obvious explanation to the observations mentioned (Salonen et al, 1992; Stevens et al, 1988) would be that a high SF may be the effect of different pathological conditions related to the development of coronary heart disease and cancer, and not a cause of these disorders. This possibility seems not to have been carefully considered.
The body also has an ingenious internal transport system for iron from the intestines to individual cells in the tissues. Within the body, iron is transported very strongly bound to transferrin. The iron -transferrin complex is then bound to special transferrin receptors on the individual cell surfaces and then transferred to the interior of the cells by invagination of the whole complex. Iron is then released by lowering the pH within the cell. The number of transferrin receptors on the surface of the cell corresponds to the actual need for iron in the individual cell. In this way, (1) iron is only distributed to those cells requiring iron at a certain time and in the amounts needed; moreover, (2) the release of toxic free iron ions can effectively be prevented since iron during transport remains strongly bound to transferrin.
In a state of iron deficiency, for example due to high menstrual losses of iron or a poor diet with low iron bioavailability, less iron is available for all transferrin receptors. An important diagnostic implication of this control system is that, if an insufficient supply of iron can be demonstrated in red cells, which are easily available for examination (irondeficient erythropoiesis), then it follows that at the same time the supply of iron to all other transferrin receptors on other cells in various organs (brain, muscles) in the body is also compromized.
It can be concluded that the body has several ingenious control systems: (1) to ensure an optimal use of available iron within the body; (2) to adjust absorption to bodily needs up to a certain limit; and (3) to prevent the absorption of excess iron.
Risk evaluations of low and high supply of dietary iron
Low supply of available dietary iron in relation to requirements As mentioned above, the body tries to balance a low supply of bioavailable iron by increasing the fractional absorption of iron, but that this control mechanism has a limitation set by the properties of the diet. A critical iron balance, with a high risk of iron deficiency, occurs when iron requirements Iron-rich diet L Hallberg are high, for example, in women with high menstrual losses of iron, in all situations of rapid growth such as the weaning period, where the relative growth rate reaches a maximum, in adolescents where the absolute growth is maximal and in the last trimester in pregnancy.
A critical iron balance also occurs in the opposite situation, ie when iron requirements are within the normal range but the supply of available iron is low. This is often seen in populations in developing countries. In industrial countries an important critical iron situation is seen in vegetarians. Absence of meat and fish reduces the absorption of nonheme iron because of the lack of their important but puzzling stimulatory effect on iron absorption. Moreover, vegetarians will be deprived of the easily absorbed heme iron present in meat. The other aspect of vegetarian diets, often disregarded, is that to try and compensate for the lack of meat and fish, vegetarian diets often contain higher amounts of beans, peas, lentils and high extraction cereals and oats, all containing great amounts of phytate which strongly inhibits the absorption of nonheme iron. Moreover, vegetarian diets usually also contain considerable amounts of iron-binding polyphenols in beans, peas, lentils, many fruits (eg apples, bananas and berries). These polyphenols are strong inhibitors of iron absorption. Great quantities of ascorbic acid, more than is normally present in the diet, are required to compensate the inhibition. Meat very effectively counteracts the inhibition by phytate and especially the inhibition by iron-binding polyphenols. In lacto-ovovegetarian diets the inhibiting effect of dairy products and eggs also contributes to the poor bioavailability of dietary iron. Vegetarian diets are thus associated with an increased risk of developing iron deficiency (and zinc and vitamin B 12 deficiency not discussed here).
A low supply of iron is mainly critical during periods of growth: in the weaning period, in children and in adolescents probably up to about 20 y of age, ie during the whole period when there is a growth of structures in the brain and in muscles. It follows that an adequate iron nutrition is also important during pregnancy for the development of the fetus. Adult men and postmenopausal women, however, are probably not at risk of developing symptoms of tissue iron deficiency. An iron deficiency anemia, if severe, can of course have negative effects on oxygen transport but this mainly occurs in developing countries where even severe anemia is common and the body is often the most important 'machine' for work performance.
High supply of available dietary iron
A good iron nutrition is important for the development of infants, children and adolescents, for an adequate iron situation in fetus and mother during pregnancy and for building up iron stores in women of fertile age. The balance of evidence reviewed in the present paper strongly indicates that the ingenious systems available in the body for controlling iron absorption and the internal distribution of absorbed iron will prevent the development of dietary iron overload in otherwise healthy subjects. This is compatible with the fact that our ancestores probably had a diet rich in highly available iron (Eaton et al, 1997) . Before the so-called agricultural revolution, about 10 000 y ago, the amount of meat in the diet of our hunting and fishing ancestors was considerable and probably responsible for 30 -50% of the energy intake (Cordain et al, 2000) . Moreover, the cereal intake was low and probably also the intake of strongly inhibiting phytate (Cordain, 1999) . It has been estimated that iron stores of a magnitude of at least 500 mg were present in our ancestors due to their high meat intake (Hallberg, et al, 1998) . At that time a prevention of iron overload was probably more important for survival than a prevention of a highly improbable iron deficiency.
An exception of the good control of iron absorption is found in subjects who are homozygotes for hereditary hemochromatosis (HH). Since this is a recessively inherited disorder its prevalence varies considerably in different areas. In the general population it can be estimated at about 1=1000 (Hallberg et al, 1989) but it can be higher in genetic 'hotspots'. Heterozygotes may have only slightly higher iron stores than normal subjects, but without clinical significance (Adams, 1994) .
HH is an important disease since it can be effectively treated by phlebotomies if detected early enough. Increased awarness of the disorder and early diagnosis is thus essential. No action needs to be taken in the diet of the general population to reduce the rate of development of HH.
A good supply of easily available dietary iron is thus of importance for health and is not associated with iron overload or other disorders in the general population.
Concluding comments
It is evident that the body has ingenious systems to reduce the risk of developing iron deficiency and to prevent the development of dietary iron overload in otherwise healthy subjects. It is also probable that such control systems are present not only in man but also in other animals.
The high prevalence of iron deficiency in the world today cannot be ascribed to an insufficiency of the control mechanisms but rather to the much poorer diet of man in the last perhaps 10 millennia which is a short time in the development of man. The dramatic increase in population size, especially over the last few centuries (McEvedy & Jones, 1978) has not been accompanied by a corresponding increase in the supply of food and especially not in the supply of animal protein. Iron requirements are probably similar today as in our stone-age ancestors but our diet is different, with more cereals and less meat and fish.
In the Western world today the main nutritional problems are rather related to the low-energy lifestyle which is associated with lower energy needs, lower energy intake, low intake of meat, fish and soluble dietary fiber but a disproportionally high intake of fat and refined sugar. It is evident Iron-rich diet L Hallberg that today there are risks of a relative dietary energy overload which leads to obesity, increased risks of type 2 diabetes and increased risks of osteoporosis due to low physical activity and low physical loading of the skeleton. Moreover, lower energy requirements are associated with lower nutrient intakes and increased risks of nutrient deficiency disorders.
The paradox is thus valid that: the less food we need to consume to cover our lowered energy needs the higher is the probability that nutrient deficiencies may occur. Strain JJ & Thompson KA (1991) Iron-rich diet L Hallberg
